� Methane steam reforming is experimentally studied on nickel-ceria anodes. � The methane, steam and hydrogen partial pressures are varied in the experiment. . � Several kinetic models are parameterised with the experimental data and compared. � A Langmuir-Hinshelwood reaction mechanism is found to be most adequate.
Introduction
Global agreements to eliminate greenhouse gas and hazardous air pollutant emissions from human activities drive the need for intrinsically clean energy conversion technologies [1, 2] . Electrochemical conversion of renewable electricity to synthetic fuels through electrolysis may play a key role in storage and distribution of energy in future energy systems, as these can be easily transported and stored [3] . In addition, fuel cells enable efficient electrochemical conversion of these renewable fuels to electricity emitting virtually no hazardous air pollutants [4] . Therefore, these technologies can facilitate an infrastructure for renewable energy which is entirely free of hazardous emissions.
Hydrogen is a well-known potential renewable energy carrier, but has a relatively low volumetric energy density compared to liquid fuels. Therefore, energy carriers with a higher volumetric energy density may be required for long distance mobility, such as aerospace or intercontinental maritime transport [5] . For example, methanol or methane synthesised from renewable sources can be stored with energy densities similar to liquefied natural gas, which is readily adopted in the maritime industry as a low-carbon transition fuel.
Energy dense hydrocarbon fuels are usually converted to a hydrogen rich gas before they can be electrochemically oxidised. While low temperature fuel cells require external processing of hydrocarbon fuels to a relatively pure hydrogen flow, solid oxide fuel cells (SOFCs) enable direct internal reforming (DIR) of light hydrocarbons, such as methane [6] . DIR on the SOFC anode enables the use of heat and steam produced by the electrochemical reaction to reform methane. Therefore, DIR is more efficient than external reforming. Moreover, the amount of excess air that has to be supplied to control the temperature of the stack is reduced by the cooling endothermic reforming reaction, subsequently lowering the auxiliary power consumed by the air blower [7] .
The endothermic reforming reaction is reported to occur primarily at the inlet section of the stack, where the methane concentration is highest. In contrast, the exothermic hydrogen oxidation reaction rate typically increases towards the outlet, where the temperature and subsequently the ionic conductivity of the electrolyte is higher [8] . As a result, DIR may induce steep concentration and temperature gradients within the SOFC stack, which may compromise the electrochemical performance and induce deteriorating thermal stresses [9] . The severity of the thermal stresses caused by DIR depends on the amount of hydrocarbons in the fuel gas and the reforming reaction rate on the SOFC anode [10] . Therefore, safe and reliable operation of SOFCs fuelled with hydrocarbons requires detailed understanding of the kinetics of the reforming reaction, and how these are affected by stack operating conditions, such as temperature, steam-to-carbon ratio and the amount of pre-reforming employed before the fuel enters the anode compartment [11] .
The kinetics of the methane reforming reaction have been subject of many studies, both for industrial steam reformers and SOFCs, because:
� Methane is a simple and abundant hydrocarbon molecule; � Methane is the main constituent of natural gas [12, 13] ; � (Pre)-reforming of other hydrocarbons and alcohols, such as methanol, yields methane [14, 15] .
Methane is most commonly converted to a hydrogen rich mixture through the methane steam reforming (MSR) and water gas shift (WGS) reactions,
respectively, after which the hydrogen produced can be subsequently oxidised in the fuel cell to produce electricity:
The MSR reaction has been studied extensively for commercial steam reformers to produce hydrogen from natural gas. More recently, researchers have investigated the kinetics of the steam reforming reaction on SOFC anode materials as well. Three classes of MSR kinetics may be distinguished in these studies: Multi-step reaction mechanisms, surface reaction models assuming a rate determining step on a catalyst, and empirical global power law (PL) kinetics. Comprehensive overviews of methane steam reforming in SOFCs have been presented in dedicated literature reviews [16, 17] .
Multi-step mechanisms describe the kinetics with a sequence of intermediate steps, consisting of adsorption, surface reaction and desorption processes. The rate is determined by the slowest intermediate reaction or co-limited by several slow steps, which may change for different temperature as well as reactant and product partial pressures. A heterogeneous multi-step mechanism consisting of 42 different intermediate reactions was derived by Hecht et al. [18] for a nickel-yttrium stabilised zirconia (Ni-YSZ) cermet anode.
In classical surface chemistry theory, the overall reaction kinetics are described by a single rate determining step [19] . Langmuir-Hinshelwood (LH), Hougen-Watson (HW) and Eley-Rideal kinetics are well-known surface reaction mechanisms which assume a single rate determining reaction on an active catalyst reaction site. The availability of these active reaction sites may be compromised by competitive adsorption of reactants, reaction intermediates and products [20] . LH kinetics have been reported by Nakagawa et al. [21] for a Ni-YSZ-CeO 2 anode, and Dicks et al. [22] derived HW kinetics for a Ni-YSZ anode.
The majority of the internal MSR kinetics reported for SOFCs is of the PL type, especially those derived on functional anodes. These models implicitly assume that the complex surface chemistry involved in the reforming reaction can be disregarded and the kinetics are described by global reaction orders for the reactants and sometimes products involved in the reaction instead. PL kinetics for SOFC cermet anodes are, among others, derived by Ahmed et al. [23] , Timmerman et al. [24] and Fan et al. [25] . Some authors simplify the kinetics even further and assume that the MSR is approximately first order (FO) in methane and influences of other reactants and products can be neglected. For example, Belyaev et al. [26] reported such kinetics for a Ni-ZrO 2 -CeO 2 electrode. The FO kinetics reported by Achenbach et al. [27] for a Ni-ZrO 2 substrate are to this day probably the most frequently applied reforming model in reduced order and control-oriented dynamic SOFC stack models [8, 28] .
Global reaction mechanisms, such as PL or FO, may capture the rate determining step in specific cases, for example if the adsorption of a single reactant is rate limiting and there is no inhibiting effect of other species on the catalyst surface. However, they may not capture the rate limiting step when the operating conditions change. This was demonstrated in previous work, where a PL rate equation was shown to predict the global reforming rates with accuracies comparable with an intrinsic HW model, but the local reaction rate predicted by the two models differed substantially [29] .
Extensive multi-step reaction mechanisms, as developed by Hecht et al. [18] , can fully describe the complex interdependency between surface adsorption, desorption and surface coverage by reaction intermediates. However, their parameterisation requires a substantial amount experimental data, since such models have a many degrees of freedom. Developing multi-step reforming kinetics based on data obtained on functional cell assemblies is, therefore, challenging. Instead, reforming experiments are usually conducted on substrate materials rather than complete cell assemblies [18, 22, 27] .
Although detailed mechanistic studies are indispensable to understand the complex surface chemistry of the reforming reaction, it is difficult to use kinetics derived on different materials with deviating thicknesses, pore size distribution, particle size distribution and catalyst loading into control-oriented dynamic stack models of SOFC stacks [11] . Moreover, a large and stiff system of equations is obtained which is not convenient for application in control-oriented dynamic models [30] . In addition, MSR kinetics have been primarily investigated for porous, electrochemically inactive Ni-YSZ substrates, while ceria-based cermet anodes are increasingly used as they are reported to have a higher tolerance to carbon deposition [31] .
MSR was studied on Ni-GDC anodes of functional SOFC assemblies in previous experimental work in this group, both under open and closed circuit conditions [25, 30] . The methane partial pressure was shown to have a promoting effect on the reaction rate, while steam was shown to affect the reforming rate negatively. Although the hydrogen oxidation reaction increases the steam concentration as well, it consistently increased the overall reforming rate in the experiments. This may be explained by a non-monotonic dependency on the steam partial pressure, the increased driving force due to the addition of steam, a local increase of the cell temperature or so-called non-faradaic electrochemical modification of catalytic activity (NEMCA) [32] .
In a follow-up study, kinetic models of the PL and HW type were regressed from the experimental data and implemented in a 3D CFD model of the single cell test station [29] . Both kinetic models showed good agreement with the original data derived on single cells. However, the PL kinetics predicted a relatively flat reaction rate distribution along the flow direction, while the reforming rate decreased sharply from inlet to outlet according to the HW mechanism. As a result, higher temperature gradients were predicted with the HW than the PL kinetics.
HW kinetics have been proposed for the MSR reaction, and a dependency on the steam-to-hydrogen (SH) ratio is commonly reported [12, 13, 22, 29, 30, 33, 34] . However, the SH ratio varies from inlet to outlet in DIR SOFCs. Steam is usually mixed with the unreformed fuel to suppress the solid carbon formation through the methane dissociation, Boudouard and reverse gas shift reactions, thus leading to a high SH ratio at the inlet [35] . The SH then decreases as steam is consumed and hydrogen is produced by the MSR reaction, after which the SH increases again due to the hydrogen oxidation reaction. Therefore, intrinsic reforming kinetics need to capture the effect of the SH ratio correctly.
The influence of methane and steam is commonly quantified in experimental studies and accounted for in rate equations, but the effect of hydrogen is rarely reported. Therefore, most MSR models may not capture the rate limiting step due to the large SH variations in DIR SOFCs. Dicks et al. [22] studied the effect of the hydrogen partial pressure on the reforming rate experimentally, reporting an enhancing effect. However, in other studies the effect of hydrogen is commonly included on the basis of data fitting adequacy only [30, 33] . Therefore, further study of the rate limiting step in the intrinsic MSR kinetics on SOFC anodes is required, taking into account the influence of the SH ratio.
Previous experimental work on DIR in Ni-GDC anodes of functional SOFC assemblies focussed on the influence of the partial pressures of methane and steam and the electrochemical reaction. The results of Fan et al. [25] demonstrated the need to derive detailed surface reaction mechanisms on functional SOFC assemblies, and HW kinetics were subsequently derived by Thattai et al. [30] . These kinetics suggest that the hydrogen partial pressure affects the DIR rate, but this hypothesis could not be confirmed as the effect of hydrogen was not studied in the experiment.
In this study, not only the influence of the partial pressures of methane and steam on the direct internal MSR are investigated, but the hydrogen partial pressure as well. Experimental methane reforming rates are derived on functional single cell SOFCs with Ni-GDC cermet anodes for various fuel gas compositions and temperatures. The conversions are then used to regress kinetic models of the FO, PL, LH and HW type for the internal MSR reaction. These kinetic models are then compared to select the most adequate reaction mechanism.
Experimental

Experimental setup
The reforming experiments are carried out in a single cell test setup, shown in Fig. 1 , on a 10 � 10 cm electrolyte supported cell (ECS2, H.C.
Starck) with a 100 μm thick YSZ electrolyte, an active area of 81 cm 2 (9 � 9 cm) and a 35 μm thick Ni-GDC (Ni-Gd 0.1 Ce 0.9 O 1.95 ) cermet anode consisting of approximately 57 wt% NiO. A 40 μm thick layer of LSM (La 1 x Sr x MnO 3 δ ) functions as the cathode.
The cells are placed in a ceramic holder with fuel and air manifolding. A 0.5 mm platinum mesh serves as a current collector on both anode and cathode side. A 0.54 mm ceramic seal is placed at the anode side, and a 0.5 mm thermiculite (mica) frame seals the cathode side. Weight is added on top of the ceramic holder to compress the mica seal and ensure gas tightness of the assembly, as well as proper electrode-current collector contact.
Dry gases are supplied from gas bottles and controlled with mass flow controllers (Bronkhorst EL-FLOW). Steam is mixed with the dry gases using a controlled evaporator mixer (Bronkhorst LiQUI-FLOW and CEM). The temperature is controlled with thermocouples located in the furnace heating coils and the ceramic cell holder, close to the centre of the cell. The furnace heating power is controlled through the temperature of the heating coils and adjusted to maintain a constant temperature of the ceramic cell holder for different gas composition, assuming that the cell temperature is approximately equal.
Catalyst reduction, gas analysis and stability
The nickel catalyst is reduced by increasing the hydrogen concentration in the feed gas from 2 to 100 vol% over a period of 4 h at a temperature of 950 ∘ C. This procedure was developed and used in previous experiments on the same type of cells [25, 30] . The current-voltage characteristics are then determined to verify that the cell is successfully reduced.
A gas chromatograph (Agilent 490 micro gas chromatograph) is used to analyse the dried anode outlet gas composition. The anode off-gas is passed through a water bubbling condenser to remove steam, and further dried in a silica gel bed to prevent moisture from entering the gas chromatograph. The mole fractions of hydrogen, methane, carbon monoxide and nitrogen are analysed using a Molsieve 5A column, while the concentration of carbon dioxide in the dry gas is determined with the aid of a PoraPLOT U column. An external method, calibrated using gas bottles with known compositions, is used to calculate the gas concentrations in the sampled dry anode gas.
The methane conversion in the experiment is calculated from a carbon balance assuming that methane is converted to CO and CO 2 only:
where y i is the molar fraction of species i. It was shown in previous work that reforming on the current collector can be neglected for temperatures below 800 ∘ C, hence all reforming can be assumed to take place on the SOFC anode [30] . Fig. 2a shows an example of the dry composition obtained from gas analysis over time, compared to the dry composition calculated from the carbon balance in Equation (4), assuming that the WGS reaction is in chemical equilibrium. This result confirms the gas analysis is accurate for the compositions of interest, since the calculated nitrogen and hydrogen mole fractions match well with the values determined with gas chromatography.
Additional tests are carried out to verify the stability and reproducibility of the experimental results. Fig. 2b shows that the reforming rate stabilises within 24 h after switching from dry hydrogen to a mixture containing methane and steam. The reforming rate is found to be stable few hours after changing the experimental temperature, and within an hour after the gas composition is changed.
Reforming experiments
The conditions for the reforming experiments are chosen such that:
� The temperatures and gas compositions are relevant for SOFC operating conditions; � The conditions differ sufficiently from each other to reveal significant dependencies; � The effects of the methane, steam and hydrogen partial pressure and temperature can be determined independent from each other.
As such, the gas composition and temperature are varied within a relevant range, but do not represent specific SOFC operating points. The methane mole fraction and total flow rates are chosen such that the experimental methane conversions are always well below chemical equilibrium, to ensure that the reforming rate is limited by the kinetics of the reforming reaction. A flow of 2 Nl min 1 simulated air with 80 vol % nitrogen and 20 vol% oxygen is supplied at the cathode.
Various fuel compositions with methane, steam and hydrogen are supplied to the anode, and nitrogen is added to maintain a constant total volume flow rate of 2 Nl min 1 . The SC ratio is varied from 1.5 to 3, which is a common range used to prevent carbon deposition. The SH ratio is varied from 1 to 18, representing the varying hydrogen and steam concentrations from inlet to outlet. Table 1 provides an overview of the experimental gas compositions.
The experiments are carried out at cell temperatures of 700, 725, 750 and 775 ∘ C, as these are close to the temperature typically encountered at the entrance region of a SOFC stack. No current was drawn from the cell during the reforming experiments, although current-voltage characteristics were occasionally determined to verify that the cell was still functional.
The experiments were conducted over a consecutive period of twelve days, or about 280 h, with the cell continuously operating under internal reforming conditions. The reforming rate was stabilised for at least 2 h after changing the gas composition, and over night after changing the temperature. The SOFC performance was stable over this period as well as in the 14 days prior to the experiment, during which initial tests were conducted to determine appropriate gas compositions, flows and stabilisation times.
Carbon deposition
Solid carbon formation can deteriorate the anode by blocking pores and reactions sides. Therefore, carbon deposition should be avoided during normal SOFC operation. Carbon deposition might occur via the methane cracking, Boudouard and reverse gasification reactions:
In addition, cerium oxide possesses improved resistance against carbon depositing due to its oxygen storage capacity. Solid carbon deposited on the catalyst suface may be removed by a reaction with lattice oxygen:
Whether carbon deposition is thermodynamically favourable depends on the gas composition, temperature, pressure and type of carbon formed, and can be determined from equilibrium calculations. Fig. 3a indicates C-H-O compositions for which carbon formation is thermodynamically expected in a ternary diagram at a temperature of 700 ∘ C, assuming that the carbon type formed is graphite. The experimental gas compositions from Table 1 are indicated in Fig. 3a as well, revealing that the formation of this type of carbon is thermodynamically not expected.
Although graphite formation is thermodynamically not expected, it may still occur if the speed of individual carbon deposition reactions is higher than the removal reactions [36] . In addition, other types of carbon with different thermodynamic properties, such carbon nano fibres, may form on the anode. To ensure that the cell is not degraded by carbon deposition, the cell is cooled down after the experiment in inert gases (nitrogen) and analysed with scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX). The EDX analysis in Fig. 3b shows the expected peaks for nickel, cerium, and gadolinium, but not for carbon, which would be expected at 0.227 keV.
Kinetic model regression
The experimental methane conversions are used to parameterise different rate equations for the MSR reaction using an ideal plug flow reactor (IPFR) model, developed for this purpose. The following sections provide details on the assumption in the IPFR model, the kinetic models parameterised and the regression method employed.
Ideal plug flow reactor model
The IPFR model assumes that the reacting flow passes through a catalyst bed while it is ideally mixed in the radial direction, but axial diffusion or mixing does not take place. In that case, the reaction rate for an infinitely small reactor area is given by Fig. 2a ) and stabilisation of the methane conversion at 700 ∘ C after switching from dry hydrogen to methane (Fig. 2b ). 
where r msr is the area specific reforming rate, n CH4 is the molar flow of methane and A is the active cell area. The total active cell area then follows from:
Since the active cell area is known, this equation can be used to regress parameters in an expression for the reaction rate r msr , provided that it is a function of methane conversion x CH4 . Reaction rates of gasses are generally written as a function of the partial pressures of reactants and products, as these can be assumed to be proportional to the activity of ideal gasses. Therefore, the partial pressures of the gasses are written as function of the methane conversion rate. The partial pressures in the gas mixture follow from:
Here, SC and HC are the steam-and hydrogen-to-carbon ratio respectively and x CO is the fraction of carbon monoxide that is converted to carbon dioxide via the WGS reaction. The factor ψ corrects for the total experimental pressure and the increase in the molar flow due to the MSR reaction
where p is the total pressure in the experiment. The WGS reaction can be assumed to be in chemical equilibrium along the reactor, as it generally proceeds much faster than the MSR reaction [8] . The equilibrium can be calculated using the van 't Hoff relation:
Equations (12) to (15) and (17) can be subsequently solved to obtain an expression for x CO as a function of SC, HC, K eq;wgs and x CH4 . In this way expressions are derived for the partial pressures in the reacting gas mix as a function of the experimental conditions and x CH4 . The constant active cell area is now expressed as a function of the experimental conditions and the rate expression using Equation (10) . Since the active cell area is known and constant, this equation is used to regress parameters in kinetic models.
Kinetic models
The objective of this study is to identify the rate determining kinetics of the MSR on Ni-GDC anodes, which may be captured by a classical surface reaction model, such as LH or HW kinetics, or a global model, for example PL or FO kinetics [30] . The PL, FO, LH and HW kinetics are described in this section.
Power law and first order kinetics
PL expressions provide a convenient means to describe the dependency of the rate of a chemical reaction without knowledge of the complex surface chemistry involved. Since the partial pressures of methane, steam and hydrogen were varied in the experiment, the PL equation takes the form
where the quotient of the reaction quotient Q msr and the equilibrium constant for the MSR reaction K msr determines the deviation from chemical equilibrium and, hence, the driving force of the reaction:
The values reported in literature for the reaction orders α, β and γ vary. Although the reaction order for methane is commonly reported to be around unity, reaction orders for steam vary from 2 to 2 in literature. The influence of the hydrogen partial pressure is rarely reported. An Arrhenius temperature dependency is usually assumed for the rate constant k:
The FO expression is essentially similar to the PL equation, but assumes that the reaction is first order in methane and independent of the partial pressures of other reactants and products. FO kinetics have, for example, been reported by Achenbach and Riensche [27] for SOFC cermet anodes. Although FO kinetics may appear somewhat crude, the reaction orders reported with regard to methane are indeed often close to unity. In addition, parameterising a FO reaction model is relatively straightforward, as only the temperature dependent reaction constant has to be determined experimentally.
Langmuir-Hinshelwood kinetics
LH kinetics are commonly used to describe the surface chemistry Fig. 3 . Ternary diagram for solid carbon formation ( Fig. 3a ) and the result of an EDX analysis showing no carbon peak at 0.277 keV (Fig. 3b ).
involved in catalysed reactions. The fractional surface coverage of reactants and products is described by Langmuir isotherms. Generally, surface reaction models take the form r ¼ ðkinetic factorÞ ðadsorption isothermÞ ðdriving forceÞ;
where the kinetic factor describes the dependency of the rate determining step on the gas species involved, the adsorption isotherm accounts for the available active reaction sites and the driving force similar as introduced in the Power-Law rate equation. LH kinetics assume that a bimolecular reaction between two reactants adsorbed on neighbouring sites is slowest and, therefore, rate determining. Surface adsorption is described by Langmuir isotherms, leading to:
Here, K i is the adsorption constant of species i. The values of α and β depend on the specific adsorption mechanism on the catalyst surface, i.e. the number of unoccupied reaction sites required for adsorption, and γ is the number of active reaction sites involved in the rate determining step. Adsorption groups in Equation (22) may be neglected if their adsorption is low. The adsorption enthalpies and entropies follow from the van 't Hoff relation. Hence, the temperature dependence of the Langmuir adsorption constants follows from:
Thermodynamic consistency requires that A ad > 0 and ΔH ad < 0, such that the adsorption constant K ad is positive and decreases with temperature.
Hougen-Watson kinetics
The classical LH equation was extended by Hougen and Watson for complex surface reactions. The possible rate determining step is not limited to reactions on the catalyst surface, but may originate from adsorption, formation and desorption of reactants, products and reaction intermediates. In addition, the adsorption isotherm may contain reaction intermediates and products as well.
HW kinetics have been reported both for MSR on industrial catalysts, for example be Xu et al. [12] and Hou et al. [13] , and SOFC anodes by Dicks et al. [22] and Thattai et al. [30] . In these studies, rate expressions are reported of the form
The adsorption of oxygen as a surface intermediate, described by the adsorption group K H2O
, is reported in many studies. Values of 0-1 are reported for β, while the value of γ may be as high as 2.5. Adsorption effects from carbon monoxide and hydrogen are commonly reported as well.
Parameter regression
The kinetic models introduced in Section 3.2 are parameterised and evaluated using the IPFR model described in Section 3.1. The algorithm uses Equation (10), which calculates the known active area A, to parameterise different kinetic models. The regression of PL kinetics does not require an elaborate approach, as all parameters are functions of different independent variables: the reaction orders are determined by different reactant and product partial pressures, and the activation energy by the temperature dependence. LH and HW kinetics, however, contain several temperature dependent constants. Therefore, all constants are functions of the temperature and regression is aided with a more accurate initial guess. The algorithm comprises three consecutive steps to efficiently regress the non-linear set of equations:
� Minimisation of the coefficient of variation of A for each individual experimental temperature to obtain initial guesses of rate constants, reaction orders and adsorption constants for the next step; � Minimisation of the coefficient of variation of A including the logarithmic temperature dependence of rate and adsorption constants to obtain an initial guess for the final step; � Minimisation of � � 1 R 2 � � for the entire data set. Equation (10) is solved for x out CH4 with the known active area A for this purpose to predict overall methane reforming rates with the IPFR model for the kinetics of interest.
The Nelder-Mead simplex algorithm is employed in each subsequent minimisation step. A schematic overview of this procedure is shown in Fig. 4b.   Fig. 4 . Schematic overview of the IPFR reactor model (Fig. 4a ) and a flowchart of the procedure used to regress the kinetic model parameters (Fig. 4b) .
Thermodynamic consistency
The Langmuir adsorption constant in Langmuir-Hinshelwood and Hougen-Watson models should be thermodynamically consistent and therefore, meet three thermodynamic rules and two guidelines [12, 19, 20] : � Rule 1: Adsorption is an exothermic process. Therefore, the enthalpy of adsorption at the reference state should be negative: ΔH 0 ad < 0. These rules and guidelines are evaluated using the van 't Hoff equation
thus the entropy of adsorption is calculated from the adsorption constants:
It is evident from Equation (25) that the value of ΔS 0 ad depends on the units of the pre-exponential factor A ad , which is important to obtain meaningful results [19, 20] . The enthalpy and entropy values should be taken at the reference state, which is atmospheric pressure for both the tabulated gas phase entropy values and constants in the empirical guidelines. Therefore, the pressure units in A ad , if any, should be either taken in atm, or the gas phase entropies and empirical constants have to be converted to consistent units.
Results
Experiments
The experimental data obtained in the experiment is shown in Table 2 and Fig. 5. Fig. 5a shows that a higher methane partial pressure results in a higher reforming rate, which is consistent with previous findings. Fig. 5b reveals a slight decrease in the MSR rate for higher steam partial pressures, which seems to be more pronounced for lower temperatures and reforming rates. Finally, Fig. 5c shows the influence of the hydrogen partial pressure on the overall reaction rate. A slight increment in the reforming rate is apparent for higher hydrogen partial pressures is apparent.
The experimentally observed influence of the methane and steam partial pressures on the reforming rate agree with the trends reported in earlier work on Ni-GDC anodes [25, 30] : A non-proportional but strong influence of the methane partial pressure and a slight but significant effect of higher steam partial pressures. A negative effect of a higher steam partial pressure on the reaction rate may be explained by competitive adsorption of steam or a related reaction intermediate on the catalyst surface, which limits available reaction sites. Such an effect has been reported in several experimental investigations [21] [22] [23] 25, 30, 37] .
Denominators in HW kinetics often contain an adsorption group consistent with dissociative adsorption of steam into gaseous hydrogen and surface-adsorbed oxygen:
A positive effect of hydrogen is thus expected for conditions where steam is reported to have a negative influence, although this may be counteracted by a negative contribution of the hydrogen partial pressure in the kinetic factor, as proposed by Xu et al. [12] . In that case a strong non-monotonic dependency on the hydrogen partial pressure is expected, but no such effect is observed for the experimental SH ratios ranging from 1 to 18.
Parameter regression
Two global reaction mechanisms have been fitted to the experimental data: The first one first order in methane and, hence referred to as FO, and the second one of the PL type with reaction orders for the experimentally evaluated species, i.e. methane, steam and hydrogen respectively. In addition, various forms of the LH and HW kinetics have been evaluated. Especially the HW model enables many possible rate equations, as the rate determining kinetics may be governed by an adsorption or desorption step, and the adsorption group can include any reactant, product or reaction mechanism. However, any feasible reaction mechanism should: � Provide a sound qualitative explanation for the experimental observations; � Give a high quality fit with the experimental data, i.e. R 2 close to 1; � Be thermodynamically consistent. The majority of the evaluated possible kinetic expressions could be rejected as they did fail to satisfy at least one of the criteria listed above. Two models were selected as they performed equally well against the listed criteria: One with the classical LH formulation and the other of the HW type. Table 3 provides an overview of the equations obtained and the regressed parameters. In addition, Fig. 6 shows the overall reforming rates predicted by the models in Table 3 for different gas compositions and temperatures compared to the experimental values.
First order kinetics
The FO model is by far the most straightforward of the four models presented and only requires determination of a temperature dependent rate constant. Nonetheless, the FO model describes the experimental results with reasonable accuracy, although the activation energy of 190.5 kJ mol 1 is higher than what is commonly reported. With the exception of Belyaev et al. [26] , who reported a value of 162 kJ mol 1 for a first order in methane reaction model, most authors report values ranging from 80 to 100 kJ mol 1 .
Table 2
Experimental methane conversion fraction x CH4 for the evaluated gas compositions and temperatures. It is evident from Fig. 6 that the FO model predicts the influences of the methane partial pressure with reasonable accuracy, although the effect of methane seems to be overestimated for lower temperatures. As expected, the FO model does not predict a change in the overall reforming rate for higher hydrogen and steam partial pressures. Especially for high steam partial pressures and low temperatures this results in an overestimation of the reforming rate.
Power law kinetics
The PL model has three degrees of freedom more than the FO model, with reaction orders for methane, steam and hydrogen fitted to the experimental data. Therefore, the PL model describes the rate increasing and decreasing effects of the hydrogen and steam partial pressures respectively and the fit to the experimental data is improved. With 173.1 kJ mol 1 the activation energy is lower than for the FO model, but still higher than commonly reported.
The prediction of the reforming rates is particularly improved for higher steam partial pressures, since the decreasing effect of steam is now described correctly. In addition, the influence of the methane partial pressure is captured more accurately. Despite a slightly positive reaction order γ, an increase in the hydrogen partial pressure does not seem to result in a substantial increase in the reforming rate.
Fig. 5.
Experimentally observed MSR reaction rates for the evaluated temperatures and different partial pressures of methane (Fig. 5a ), steam ( Fig. 5b) and hydrogen (Fig. 5c ).
Table 3
Overview of the rate equations and parameters obtained through regression of the experimental data. 
Langmuir-Hinshelwood kinetics
The LH model assumes a rate determining reaction between associatively adsorbed methane and dissociatively adsorbed steam on a single site. This mechanism is in good agreement with a methane reaction order somewhat below one in the PL model, due to competitive adsorption of methane at lower temperatures. In addition, the adsorption of steam seems in good agreement with the a decrease in the reaction rate for higher steam partial pressures, which is more pronounced at lower temperatures.
The Langmuir adsorption constants in both the LH and HW kinetics must obey the laws of thermodynamics, as discussed in Section 3.3. Table 4 shows the enthalpy and entropy of the fitted Langmuir adsorption constants for methane and steam in the LH and HW model. Table 4 shows that the enthalpies for both methane and steam are negative for the LH model, and both adsorption entropies satisfy the thermodynamic laws and guidelines as well. Therefore, the proposed LH mechanism is thermodynamically consistent. Fig. 6 shows that the effects of the methane and steam partial pressures on the overall reforming rate are correctly captured. The LH kinetics account for the temperature dependency of the reaction site inhibiting associative adsorption of methane and dissociative adsorption of steam. Therefore, the apparent reaction orders for methane and steam may change with temperature, which clearly improves the agreement with the experimental data compared to the FO and PL kinetics. However, the LH kinetics do not account for influences of the hydrogen partial pressure.
Hougen-Watson kinetics
The kinetic factor in the HW model is first order in methane, which indicates that associative methane adsorption on the catalyst could be the rate determining step. Kinetic factors based on surface reaction or desorption controlled rate limiting step did not result in satisfactory fitting. Table 4 shows that the adsorption constants in the HW model are thermodynamically consistent. While the adsorption step in the LH model assumes dissociation into hydrogen and hydroxyl atoms
with θ i the surface coverage of species i and s indicating an unoccupied reaction site, the HW assumes dissociation into gaseous hydrogen and surface-adsorbed oxygen, yielding:
As a result, the surface coverage of oxygen will decrease for higher hydrogen partial pressures. Therefore, the dissociative adsorption group in the HW model depends on the steam-to-hydrogen ratio and not on the absolute steam partial pressure, and as such predicts an increased reforming rate for higher hydrogen partial pressures. This is in agreement with the reaction orders for steam and hydrogen in the PL model, being of equal magnitude and opposite sign. Table 4 shows that the proposed HW mechanism is thermodynamically consistent, as the enthalpies for both methane and steam are negative and both adsorption entropies satisfy the thermodynamic laws and guidelines. Overall, the predictions of the reforming rate in Fig. 6 by the HW model are comparable to the LH kinetics. The HW kinetics account for a slight positive effect of the hydrogen partial pressure on the reforming rate, but the deviation from the LH kinetics is only visible for the lowest temperatures. As a result, the R 2 value is only marginally improved. Fig. 7 shows the spatial distribution of the MSR rate r msr calculated with the plug flow reactor model for the different kinetic models, the four different experimental temperatures and gas composition D, the gas composition with average SC and SH ratios and minimal methane, steam and hydrogen partial pressures. All models resemble first order in methane behaviour for the highest temperatures and only deviate at the entrance region. This suggests that the MSR kinetics may be assumed to be first order in methane at temperatures �750 ∘ C. However, at lower temperatures the difference between FO and other kinetic models increases as adsorption effects become more important. Fig. 8 shows the reforming rates predicted with the different kinetic models at 725 ∘ C and four different gas compositions: A, with the lowest SH ratio, D, with average SH and SC ratio, G, with the lowest SC ratio and J with both the highest SC and SH ratio. The kinetic models predict similar spatial distributions for gas composition A, but the predictions start to deviate as either the SH or SC ratio changes. The SH ratio affects the PL and HW kinetics in particular, while the SC ratio is important for the LH model. As a result, the predictions vary substantially for composition J, which has both the highest SH and SC ratio.
Discussion
Model comparison
Both the FO and LH predict a monotonically decreasing MSR rate along the cell length, but the rate is initially lower according to the LH kinetics and decreases less towards the outlet. FO kinetics seem to over predict MSR at the entrance of the cell and under predict the rate at the outlet of the cell for most conditions. Both the PL and HW kinetics include an effect of the hydrogen partial pressure, which results in nonmonotonic behaviour of the reaction rate: The MSR initially increases due to a promoting effect of the hydrogen partial pressure, and eventually decreases again. This is particularly the case for the HW kinetics at low temperatures and high SH ratios. 
Model selection
Global reaction kinetics can be derived from MSR data collected on complete cell assemblies with relative ease. However, they can only accurately calculate the local reforming rates and resulting thermal stresses if they capture the rate determining step. Both the FO and PL model seem to over predict the MSR reaction rate for low temperatures and high steam partial pressures. Surface reaction mechanisms, such as LH or HW kinetics, yield a single rate equation with a limited number of model parameters, while they are intrinsically valid if the rate determining step is constant for the conditions of interest.
Both the LH and HW reaction mechanism show good agreement with the experimentally observed overall MSR rates, but there are reasons to argue that the LH model is more sound than the HW mechanism. First of all, HW models can take many forms while the LH model is much more restricted. As such, there may always be a HW extension of a LH model which yields a better fit to the experimental data. However, the HW fit is not significantly better than the LH model, improving the R 2 value from 0.998 to 0.9981. The simplest model that provides a sound explanation for the experimental data is usually preferred.
Secondly, Fig. 5c shows that the effect of hydrogen is modest, even though the hydrogen molar fraction was varied from 0.04 to 0.36. It cannot be ruled out that this effect originates from measurement inaccuracies or side effects. Ceria can catalyse the MSR reaction as well, and the hydrogen partial pressure will affect the oxidation state of GDC and may, therefore, enhance the catalytic activity [38] . In addition, the thermal conductivity of hydrogen is higher than nitrogen, and replacing nitrogen with hydrogen may enhance heat transfer towards the endothermic reaction sites, increasing the local temperature.
Finally, methane adsorption is assumed to be the rate determining step in the HW model, but is included in the denominator as well.
Effectively, this means that the rate limiting methane adsorption is inhibited by methane adsorbed on active sites for methane adsorption, which is physically unlikely. Although HW expressions without the methane adsorption group have been parameterised as well, these either yielded lower R 2 values than the LH model or were found to be thermodynamically inconsistent.
For all reasons listed above, the LH model is selected as the most likely reaction mechanism on the investigated Ni-GDC anode. Since the model is based on an intrinsic surface reaction mechanism, it may be applied for conditions close to the experimental range with some confidence. Moreover, it is expected to give an accurate spatial distribution of the internal reforming rate from inlet to outlet to predict temperature gradients in SOFC stacks.
Final considerations
Fan et al. [25] and Thattai et al. [30] reported MSR kinetics derived from experimental reforming data obtained on the same Ni-GDC anode cells. The strong but non-proportional dependence on the methane partial pressure and slight negative effect of the steam partial pressures were found in those studies as well. Although the activation energies were somewhat lower, the rate constants found for the three different data sets are within the same range, which gives confidence in the repeatability and applicability of the kinetics proposed in this study.
The HW kinetics proposed in previous work suggest that the hydrogen partial pressure may affect the MSR reaction rate [30] . This effect of hydrogen was based on kinetic models reported in literature and fitting adequacy, as it could explain the promoting effect of the electrochemical reaction. The influence of the hydrogen partial pressure on DIR was studied experimentally in this work. However, no evidence of a significant effect was found, hence it is unlikely that the Fig. 7 . Local MSR rate from single cell inlet to outlet predicted with the four different kinetic models and the IPFR model for four different temperatures and gas composition D. electrochemical reaction promotes the DIR rate by decreasing the hydrogen partial pressure.
Detailed information of temperatures and gas compositions along the cell would allow to discriminate between different kinetic models based on the temperature profile along the cell, since the distribution of the reaction rate predicted with the models is distinctively different (Figs. 7 and 8). However, the current experimental setup does not allow to determine temperatures and gas compositions in situ, e.g. along the cell length. Therefore, work is commencing on a modification that should enable us to determine the temperature profile with non-intrusive techniques.
Although typical electrochemical degradation rates of commercial SOFCs are <1%/1000 h [39] , the DIR experiments carried out in this work may induce cumulative damage to the cell. The reduction in the catalytic activity towards the DIR reaction is not necessarily proportional to electrochemical degradation, since the degradation mechanism may be different. However, it cannot be ruled out that the reforming measurements are to some extend affected by enhanced cell degradation.
The SOFC performed stable during the experimental campaign, and no evidence for carbon deposition was found in an ex-situ analysis after the experiment. In addition, the open circuit voltage, tracked during the reforming experiments to monitor the stability of the cell, did not reveal enhanced degradation rates. Nonetheless, it is advised to quantify the both electrochemical degradation and the decrease in the MSR rate due to cell degradation in future experiments, both to ascertain that degradation did not affect the kinetic model fits and validate the degradation rates reported in literature.
Conclusions
An experimental investigation into the individual influences of the methane, steam and hydrogen partial pressures on the direct internal MSR reaction on a functional Ni-GDC cermet anode of a single electrolyte supported SOFC was presented. A strong but non-proportional dependence of the MSR rate on the methane partial pressure and a slight negative dependence on the steam partial pressure was found. This is in good agreement with previously reported data for similar single cells. Despite the evaluation of a wide range of hydrogen partial pressures no significant effect on the MSR was observed.
An IPFR model was used to regress kinetic parameter for rate equations of the PL, FO, LH and HW type. It was shown that all four kinetic models can predict the experimental overall reforming rates with reasonable accuracies. However, the global PL and FO kinetics were found to over predict the reforming kinetics for lower temperatures and higher steam partial pressures. Intrinsic LH and HW kinetics performed equally well, but a LH mechanism for associative adsorption of methane and dissociative adsorption of steam 
was selected because it showed good statistical agreement with the experimental data, provided a simple and physically sound explanation and was thermodynamically consistent. The kinetic model was shown to be in good agreement with results obtained in previous experiments on similar single cells with Ni-GDC anodes.
In future work, the LH kinetics will be implemented in a controloriented 1D dynamic stack model of a DIR SOFC with Ni-GDC anodes, developed in previous work. The stack model can calculate the spatial distributions of species and temperature in the stack for different system configurations and operating conditions and predict the electrochemical performance as well as potentially deteriorating temperature gradients. The model can then be used to improve system designs and control 
